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Differential Bio-Optoelectronic Gating of Semiconducting
Carbon Nanotubes by Varying the Covalent Attachment

Residue of a Green Fluorescent Protein

Rebecca E. A. Gwyther, Nikita P. Nekrasov, Aleksei V. Emelianov, Albert G. Nasibulin,
Krithika Ramakrishnan, Ivan Bobrinetskiy,* and D. Dafydd Jones*

Integrating photoactive proteins with synthetic nanomaterials holds great
promise in developing optoelectronic devices whereby light, captured by a
antenna protein, is converted to a modulated electrical response. The protein—
nanomaterial interface is critical to defining optoelectronic properties; successful
integration of bionanohybrids requires control over protein attachment site and
a detailed understanding of its impact on device performance. Here, the first
single-walled carbon nanotube (SWCNT) bio-optoelectronic transistor enabled
by the site-specific direct interfacing with a green fluorescent protein (GFP) via
genetically encoded phenyl azide photochemistry is reported. The electrical
behavior of individual semiconducting SWCNTs depends on the protein residue
coupling site and provides the basis to design eco-friendly phototransistors and
optoelectronic memory. Attachment at one GFP residue proximal to the chromo-
phore produces a wavelength-specific phototransistor. The bio-transistor can be
switched off in less than 38 s with responsivity up to 7 x 10> A W~" at 470 nm.
Attachment via a second residue distal to the chromophore generates optoelec-
tronic memory that show rapid and reproducible conductivity switching with

up to 15-fold modulation that is restored on the application of a gate voltage.
Therefore, photoactive proteins, especially GFP, can be realized as a key material

1. Introduction

Optoelectronic devices based on inter-
facing biomolecules with existing molec-
ular electronic materials have generated
great interest both in terms of being
eco-friendly, low-cost mnext-generation
electronics based on novel computing
principles."? A key facet for any suc-
cessful implementation is communica-
tion between the molecular entities, so
events in one (e.g., biomolecular func-
tion) alter the other (e.g., conductance).!
With regards to bio-based optoelectronic
devices, fluorescent proteins*3! can act as
the light-responsive element that trans-
duces events through to a nanocarbon
conductance base, such as single-walled
carbon nanotubes (SWCNTs) and gra-
phene. SWCNTS’ conductance and optical
properties make them particularly useful
for generating active bionanohybrid sys-

for novel single-molecule electronic and photonic devices.

tems, especially as their inherent prop-
erties can be altered through chemical
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modifications,®#l including with proteins.’- Their cylin-
drical structure makes them more compatible with protein
interfacing compared with graphene, whose large hydro-
phobic area can induce protein unfolding and thus loss of
protein function.'”! Here, we focus on how optically active
proteins can be used to modulate conductance across an indi-
vidual SWCNT transistor.

Nature has created a myriad of proteins capable of interacting
with and responding to light at various wavelengths across the
UV-visible region of the electromagnetic spectrum.3>-) In the
case of an optoelectronic system, electronic excitation can be
coupled to secondary events such as conductance.'*%! Fluo-
rescent proteins (FPs)*20 such as green fluorescent protein
(GFP)P! are finding uses outside of their classical cell imaging
role as components in molecular electronics such as light-har-
vesting and energy transfer,?!l light-emitting diodes (LEDs),??
solid-state protein lasers,?)l and optically gated transistors.l
Electronic excitation is coupled to charge transfer and light
emission as part of the fluorescence photocycle.”l FPs have
advantages over small organic molecule components as the
protein shell encases the chromophore, protecting it from the
external environment and helping to tune the electronic prop-
erties of the chromophore, including through the formation of
long-range charge transfer pathways.l?l The dimensions of FPs
(=3 nm x 5 nm) match well with nanocarbon materials such as
SWCNTs (diameter 1-2 nm; Figure 1a).

By coupling FPs to CNT5, there is a possibility of exploiting
emergent single fluorescent protein molecule function in the
context of novel electronic devices through tuning optical and
electrical properties.’- Recently, a number of papers have
demonstrated the enhancement of photocurrent response of
graphenel! or carbon nanotube transistors®? modified by
photosensitive proteins. For example, GFP covalent attach-
ment via diazonium salts was used to develop the wavelength
selective photodetector based on a graphene field-effect tran-
sistor (FET).?*l However, most of these approaches do not allow
the attachment site to be defined and systematically varied
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to optimize and/or alter the protein-dependent conductance
characteristics.

Ideally, the protein should be attached to the carbon nano-
tube (CNT) at a designed residue to generate a defined, stable,
intimate, and homogenous interface with optimal transduction
between the two (Figure 1b). Furthermore, the ability to change
the interface configuration through changing the protein inter-
facing residue can lead to different characteristics through, for
example, changing access to the charge transfer pathways in
the protein.?83% Most approaches using conjugation chemistry
based on primary amine (lysine) chemistry do not allow defined
attachment. For example, in the GFP variant we use here,
termed superfolder GFP (sfGFP),*¥ there are 19 lysine resi-
dues spread across the protein’s structure (Figure 1b). We have
recently shown that proteins, including GFP, can be site-spe-
cifically covalently attached to graphenel®! and CNTsP% using
genetically encoded phenyl azide photochemistry (Figure 1c);
phenyl azide photochemistry makes generating bionanohybrids
easier and more precise as the new abiotic chemistry is incor-
porated site-specifically at one single location by design.[3¢-37]
Furthermore, the phenyl azide moiety can easily be moved to
different residues in a protein, changing the nature of the pro-
tein—CNT interaction and thus the transduction process. The
attachment mechanism is shown in Figure 1c and involves irra-
diation with UV light, which converts the phenyl azide into a
nitrene radicall®® that can then covalently link to the electron-
rich region of a CNT.P%

In this work, we demonstrate the use of SWCNT FET photo-
chemically modified with two different phenyl azide containing
variants of sfGFP (Figure 1la) for the development of opto-
electronic devices. Changing the protein’s interfacing residue
alters the CNT device properties. We demonstrate that the
light-dependent electron-donating nature of GFP decreases the
conductivity of p-type semiconducting SWCNT (scSWCNT) by
circa an order of magnitude upon light illumination close to the
peak absorbance wavelength for GFP. To our knowledge, this
is the first-time individual carbon nanotube-based transistors
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Figure 1. Attachment of GFP to CNTs. a) The structure of the superfolder version of GFP4 (PDB 2B3P) mutated in silico to contain p-azido-L-pheny-
lalanine (azF) at residues 132 or 204 (cyan and shown as sticks). The chromophore (CRO) is shown as grey spheres with relative dimensions shown
in red. b) Schematic outline illustrating non-specific attachment of GFP by, for example, primary amine chemistry via lysine residues (shown as yellow
spheres) and defined, single-site attachment via genetically encoded phenyl azide photochemistry (shown as pink spheres). c) CNT attachment using
phenyl azide photochemistry. lllumination with UV light (305 nm) generates a nitrene radical that can covalently crosslink to the electron-rich CNT

across a C=C bond.
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Figure 2. Characterization of SWCNT channel during sfGFP attachment. a) Optical image of a typical chip used here (top), including an AFM image
of the layout of the electrodes of the SWCNT FET device (bottom). b) Raman spectra of SWCNT taken with an excitation wavelength of 532 nm and

spot size of 1 um for untreated, pristine SWCNT (black) and after attachment of sfGFP'3232F (red).

c) AFM image of an individual SWCNT (c) before

and (d) after sfGFP'3227F attachment. e) Cross-section along the nanotube axis before (black) and after (red) sfGFP'3222F attachment. The linear section
measured is indicated by white lines in (c) and (d), respectively. Likely attachment sites of sfGFP'3242 are shown as blue arrows.

have been photochemically modified with a protein and shown
direct orientation-specific effects on conductance modulation.

2. Results and Discussion

2.1. Site-specific Photochemical GFP Attachment onto Individual
SWCNT FETs

We have previously engineered sfGFP to contain the non-
natural amino acid p-azido-L-phenylalanine (azF) at either
residue 132 (sfGFPB2#) or 204 (sfGFP2%2) (Figure 1a).l*"!
When free in solution, both sfGFPB324%F and sfGFP2%%zF have
characteristic absorbance spectra similar to unmutated, wild-
type sfGFP, with A, at =490 nmP° (Figure S1, Supporting
Information). The sfGFP%2F variant is termed the long axis
variant as the SWCNT attachment residue is positioned at the
end of the f-barrel GFP structure distal from the functional
center, the chromophore (Figure la); the estimated distance
between the chromophore and azF is =2.5 nm. The sfGFP2%4zF
variant is termed the short axis variant as residue 204 is positioned
on the side of the fBbarrel close to chromophore (Figure 1a),
resulting in a shorter distance between the chromophore and the
attachment site (=1 nm). Here, we attached the sfGFP variants to
SWCNT transistors using the UV irradiation approach described
previously via the mechanism outlined in Figure 1c.1303%

The working area of a FET device containing an individual
SWCNT channel (Figure 2a) was immersed in a low protein
concentration (100 nM) buffered solution so that proteins
would be relatively well spaced on the SWCNT sidewall. Raman
spectrum for an individual pristine SWCNT channel is shown
in Figure 2b. Analysis of the observed E33 optical transition
revealed that the SWCNT corresponds to a (11, 10) scSWCNT

Adv. Funct. Mater. 2022, 2112374 2112374 (3 of 10)

with a diameter of 1.42 nm.[*l Raman spectrum for scSWCNT
after modification with azF containing protein (Figure 2Db)
shows almost no change in the intensities of the D and G bands
in line with previous observations for low occurrence bond dis-
ruption events due to low-frequency protein photochemical
attachment (estimated to be =0.01% C=C bond disruption
events based on the distribution of protein on SWCNT).*]
G and G* bands have minor changes after protein attachment
(see Table S1, Supporting Information). We observed a small
G’ band shift to lower wavenumbers (Figure S2 and Table S1,
Supporting Information), which indicates weak n-type doping
of carbon nanotube on protein attachment.*! The absence of
major changes in Raman spectra, normally associated with
large-scale oxidation,>* is not unexpected and is evidence of
the low protein coverage on the SWCNT we aimed to achieve.
Atomic force microscopy (AFM) was used to assess the
attachment of protein molecules to the SWCNT (Figure 2c,d).
Image analysis of SWCNTs modified with sfGFP revealed
periodic height increases of = 1.5 nm compared to the pristine
SWCNTs prior to modification indicating successful attachment
of protein (Figures 2c-e and S3, Supporting information).’"!
While the height changes are lower than expected based on the
protein crystal structure dimensions, this is in line with pre-
vious observations for sfGFP and proteins in general whereby
AFM can underestimate heights of soft molecules like proteins
together with protein attachment occurring around the nano-
tube diameter rather than solely at the apex.3%*#Il Moreover,
the pristine SWCNT average diameter is estimated to be
1.6 £ 0.2 nm providing a larger surface area for GFP attachment
compared to previously published thinner nanotubes.?83% The
small amount of baseline variation observed for the pristine
SWCNT is likely due to an uneven substrate surface. The pres-
ence of prominent peaks above the pristine SWCNT heights

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Changes in electrical properties after protein attachment to scSWCNT. Output and transfer current-voltage characteristics of SWCNT-FETs
before and after azF containing GFP attachment to SWCNTs for sfGFP'3222F (a, b) and sfGFP?%442F (c, d). Electrostatic surface profile of SfGFP from the
perspective of 132azF (e) and 204azF (f) residue sites (colored cyan). The color change from blue to red at (e, f) corresponds to a shift from positive to
negative charges while white is neutral. In each case, protein attachment was performed with 100 nM of the GFP variant. Control CVC curves SWCNTs
treated with wild-type GFP (no phenyl azide group) are shown in Figure S5 (Supporting Information).

are provide strong evidence for the presence of protein on
the nanotube (Figure 2d-e). The increased heights on protein
attachment observed in the lateral measurements are con-
firmed by the cross-sectional analysis presented in Figures S3
and S4 (Supporting Information).

From analysis of the AFM data, we estimate there is circa
one sfGFP protein per 60-80 nm of SWCNT length (Figure 2e),
which is approximately 120-170 proteins in the channel.
We have observed similar changes in AFM and Raman
characteristics of the SWCNT modified by sfGFP2%?F ysing
the same method described above but using a higher protein
concentration during attachment (Figure S4 and Table S2, Sup-
porting Information). As expected, the protein density, in this
case, was higher, with one protein per 40-50 nm of SWCNT
length. The higher protein density could be the reason for the

Adv. Funct. Mater. 2022, 2112374 2112374 (4 0f10)

more prominent changes observed in the Raman spectrum
for sSfGFP2%44#F due to increased disruption to the SWCNT sp?
bond network on covalent attachment of the protein.

Prior to protein attachment, the current-voltage characteris-
tics (CVCs) of the SWCNTs showed typical p-doped semicon-
ducting behavior with a Schottky barrier formed near the elec-
trodes (Figure 3). A current I,/ I, ratio of about 102 — 10% indi-
cates a small energy gap in the nanotubes. Protein attachment
residue should have a major impact on the modulation of
electrical properties of SWCNTs by sampling different elec-
trostatic surfaces and distances from the chromophore. After
sfGFP attachment, CVCs show a decrease in conductivity,
which was particularly pronounced for sSfGFP%¥F (Figure 3a).
Increase in the I,,/I ¢ ratio (Figure 3b) can be associated with
the energy bandgap broadening in the nanotube due to the

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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electrostatic nature of the protein surface around residue 132
(Figure 3e). In addition, we observe the appearance of n-type
region conductivity at high positive Vg and a slight left shift
of the threshold voltage (V7). Attachment of sfGFP204%F results
in a less pronounced conductance decrease (Figure 3c) but a
more noticeable left shift of Vi (Figure 3d) corresponding to
partial n-doping of scSWCNT, but not the extent to compen-
sate the main charge carriers. A rise in I g is observed for
sfGFP?*42F hecause of the reduced channel potential barrier
height at lower Vy and the localization of a positively charged
protein surface around residue 204 close to the SWCNT
(Figure 3f). In comparison, attachment via residue 132 brings
a low-density acidic surface charge close to the SWCNT
(Figure 3e). Electrostatic doping from the sfGFP surface can
affect the charge carrier density in CNTs within the Debye
shielding length, which can vary across the surface of a protein.
Nevertheless, direct charge transfer can dominate resulting in a
decrease of hole charge density and a weak V7 shift. As we state
above, attachment via residue 204 brings a positively charged
basic surface close to the CNT surface (Figure 3f) that results in
an increased electron concentration in the SWCNT so causing
a more pronounced left shift of Vi, and a decrease in the total
charge carrier concentration. A large increase in resistance was
also observed for quasi-metallic nanotubes (qmSWCNT), modi-
fied with sfGFP?*4%F (Figure S5, Supporting Information). As
a control, sfGFP containing no phenyl azide groups (i.e., wild-
type sfGFP) confirmed the requirement of phenyl azide group
for permanent covalent attachment to the SWCNT, as CVCs
show only a weak decrease in conductance (Figure S5, Sup-
porting Information); the small conductance drop can be attrib-
uted to the effect of UV light on the nanotube and residual
weak non-specific adsorption of wild-type GFP.

A relatively wide hysteresis in transfer CVCs (Figure 3b,d)
is caused by a number of trapped states near the nanotube
channel. The changes in CVCs can be associated with the
introduction of sp® defects and bonds stretching during GFP
covalent attachment across a C=C bond, with one protein intro-
ducing one defect only. A small number of defects will have
less effect on Raman signal change and charge carrier mobility
in the carbon nanotube than more extensive modification
through chemical coupling with diazonium salts.*! Still, the
decrease in transconductance after protein attachment is due
to the increase of trapped states number in the vicinity of the
nanotube surface (Figure 3b,d).

Besides the introduction of additional trapped states, the cova-
lent protein attachment via genetically encoded phenyl azide
photochemistry only slightly affects the charge carrier concentra-
tion in SWCNT, which is due to the relatively few stGFP mole-
cules attached using our approach. However, the relatively low
number of protein molecules (estimated 1 per 60-80 nm) still
leads to a clear wavelength-dependent optoelectronic response
with the attachment site determining the conductance character-
istics of the whole SWCNT device, as shown hereafter.

2.2. Optoelectronic Effect in sfGFP-SWCNT FETs

FPs like GFP are considered to have inherent light-dependent
charge transfer and redox properties!?>#—2! in addition to their

Adv. Funct. Mater. 2022, 2112374 2112374 (5 of 10)

surface protein electrostatics (vide supra). These properties can,
in turn, change carrier density in SWCNT and thus the con-
ductance profile. Through altering the level of the main charge
carriers (holes) concentration either negatively (decreasing
the number of charges) or positively (increasing the number
of charges), conductance can be modulated in the carbon
nanotube through local field effects, such as electrostatic
doping by the proximal protein surfacel®3] or by direct charge
transfer.>>4 Electrostatic doping has a major initial impact on
SWCNT conductance after protein attachment, as discussed
above. Direct charge transfer can be developed as a part of
GFP function whereby charge transfer on electronic excitation
is transduced to the SWCNT.?Y Optoelectronic control in our
devices is likely to occur through the latter process,*’ where
the attachment site of a protein affects the nature and extent of
conductance modulation.

We studied the photoresponse of the sfGFP-modified
SWCNT transistors by irradiation at different wavelengths (445,
470, and 590 nm). As shown in Figure S1 (Supporting Informa-
tion), the original wild-type sfGFP and the two azF containing
variants free in solution excite and emit to different degrees at
the chosen wavelengths (445 and 470 nm), with electronic exci-
tation most efficient at 470 nm (closest to the A, at 490 nm);
there is no electronic excitation or fluorescence emission at
590 nm. Based on the solution spectral properties, we meas-
ured the optical response of our SWCNT FETs on irradiation at
470 nm first. SWCNTs modified with one of the two azF con-
taining sfGFP variants show a significant light-dependent con-
ductance decrease on illumination at 470 nm (Figures 4 and S8,
Supporting Information). By comparison, only a small increase
in conductance is observed on illumination at 470 nm of pris-
tine and wild-type sfGFP (no azF) treated SWCNT transistors
(Figures S6 and S7, Supporting Information). For the sfGF-
PB32zF modified SWCNT device, a 15-fold reduction of conduct-
ance occurred within 15.0£1.7 s of illumination (Figure 4a),
with no recovery to the initial state on the removal of the
light source even after 10 min in the dark. To regenerate the
sfGFP13?2F.SWCNT FET we applied a gate voltage sweep from
—15 to 15 V. After the sweep, illumination of the FET at 470 nm
again resulted in a current drop until the next Vgg sweep,
demonstrating the system can be switched multiple times. For
sfGFP2%7F modified SWCNT transistors, we also observed
an =80% drop in current upon 470 nm illumination with a
response time of 38.0£1.5 seconds. Unlike sfGFP324?F  total
recovery of conductance occurred in the dark within 200 s
without applying any Vgg sweep. Switching behavior shows
good reproducibility over multiple irradiation/dark steps
(Figure 4b). The two different protein attachment sites and,
hence, molecular configurations result in a different response
to light. Thus, we have demonstrated two different and novel
bio-optoelectronic effects in SWCNT-based FETs: optical gated
transistor (for sfGFP?*47F) and optoelectronic memory (for
sfGFPB322F)  SWCNT-sfGFP3%2F FET behaves similarly to
the optoelectronic memory device ORAM, P optical switching
that is restored under gate voltage sweeping (see, for example,
Figure 4a and S8b, Supporting Information). Here one should
note that we applied negative Vg < —10 V during the experi-
ments to work at the operation point in the p-type region
because our transistors have negative Vr and I close to zero

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Optical response of fabricated GFP-modified SWCNT transistors. a) Light-induced signal recording with gate voltage-induced dark state
recovery in sfGFP3282F.S\WWCNT FET upon on 470 nm (50 mW cm™2) illumination cycling. b) Time course current evolution of the sfGFP243zF.S\WCNT
FET on 470 nm (50 mW cm™2) illumination cycling. c) Two proposed mechanisms of photoinduced electron transfer from the chromophore in sfGF-
P13227F (left) and sfGFP?%43%F (right) variants to the SWCNT. Black solid and dotted arrows indicate the pathway of electron transport from the chromo-

phore into SWCNT upon illumination and back under dark, respectively.

for Vpg =1V at Vg = 0 V. In this state, the FET channel is
fully opened and have the highest conductivity limited only by
variations in channel length and contact resistance properties
(Figure S9, Supporting Information).

We attribute the optical response of the sfGFP-modified
SWCNT transistor to electronic excitation together with the
associated charge transfer process and energy emission [fluo-
rescence] and the subsequent return to the ground state (see
Figure S1, Supporting Information for spectral features of
the variants). For both GFP"%%F and GFP?*%F  illumination
causes a decrease in conductance in p-type scSWCNTs. The
likely mechanism for the observed current drop is the electron
transfer to the SWCNTs from the photoexcited sfGFP, similar
to that previously suggested for GFP bound to graphene, but
fabricated via a different chemical attachment process.’!

Attachment position with respect to the protein plays a major
role in the optoelectronic characteristics of fabricated devices.
The chromophore, central to GFP function, is buried within
the B-barrel of the protein (Figure 1a) and contributes to an
extended polar interaction networks comprising neighboring
residues and buried water molecules;P>*! these polar interac-
tion networks also contribute to charge transfer pathways.[>>%]
The relative distances of the chromophore from the SWCNT
differ between sfGFP13%%F (=2.5 nm) and sfGFP?*4*F (=1 nm).
Thus, direct electron tunneling is possible to and from the

Adv. Funct. Mater. 2022, 2112374 2112374 (6 Of10)

nanotube and chromophore attached via both residues.>®¢
The differences in networks and distances may combine to
explain the persistence of the less-conductive state observed for
sfGFP12%47F compared to sfGFP?*4%F, Indeed, it has been sug-
gested as a possible explanation for the previously observed
difference in fluorescence characteristics on attachment to
SWCNTs.% In the case of sSFGFP!3227F, the prolonged trapping
of electrons on water molecules at the protein and nanotube
interface (Figure 4c) and water molecules dipole moment rear-
rangement can result in decreased photo-cycling rates giving
rise to dimmer apparent fluorescence and increased resistance
to photobleaching observed previously®” together with the less
conductive state of the SWCNT demonstrated here. Switching
the gate voltage causes the relaxation of the dipole moment
and drives an electron back to the protein. The closer coupling
between the sfGFP chromophore and SWCNT through attach-
ment via residue 204 (Figure 4c) leads to a more efficient charge
transfer between the two leading to increased photocycling
rates3% and recovery of conductance.

It should be noted that the weak modulation of the Schottky
barrier height in contact between SWCNT and Au electrode
originates under intensive light, even for a pristine nanotube.[®!
Nevertheless, the change in the conductivity of the pristine nano-
tube (Figure S6, Supporting Information) is an order of mag-
nitude weaker and in the opposite direction than observed for

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Bio-phototransistor wavelength-specific response. a) Transient photoresponse behavior of SWCNT-sfGFP2%442F FET under different power
input from the 470 nm LED. b) Energy band diagrams of the phototransistor in the dark (top) and upon light illumination (bottom) at three different
wavelengths. c) Nonlinear dependence of current change of irradiation power for different wavelengths. d) I, and R of phototransistor at different
wavelengths. Vs and Vps were set as —10 and 1V, respectively, during the measurements. The UV-vis absorbance spectra curve of sfGFP243zF is shown

as grey dotted lines for comparison.

SWCNT FET modified with azF-containing sfGFP. The changes
of output CVCs for both sfGFP2**7F. and sfGFP"?**F.modified
SWCNT FETs upon light irradiation demonstrate a decrease
in conductivity with the rise of light intensity (Figure S10, Sup-
porting Information). However, the long integration time during
CVC measurements can decrease the effective response.

To further investigate the link between chromophore elec-
tronic excitation and nanotube conductance, we exposed the
sfGFP?42F SWCNT phototransistors to monochromatic light
at different wavelengths and different time points while meas-
uring Ip. The primary electronic excitation determines the
optimal wavelength of our device. The wild-type sfGFP and
the azF variants have relatively wide absorbance bands span-
ning from ~390 to 500 nm, with a A, of circa 490 nm. Expo-
sure to 470 nm light generates the biggest response signal for
sfGFP?*4zF.modified SWCNT FET, with power playing a sig-
nificant role (Figure 5a). A stable photoresponse starts from
1 mW cm™, with the saturation observed above 20 mW cm™.
Specific photoresponses can be explained using energy band
diagrams. The barrier at the SWCNT/electrode interface
together with SWCNT body affects the SWCNT-FET perfor-
mance. Here we assume that a channel body effect prevails over
the Schottky barrier in fabricated phototransistors. Figure 5b
shows the energy band diagram for the scSWCNT phototran-
sistor modified with sfGFP under different illumination condi-
tions, where the bandgap of the individual nanotube (11, 10) was
estimated as 0.5 eV. At Vg <10 V in the dark, we observe the
highest conductivity due to lowering of Schottky barrier and the
highest hole concentration in the channel. When illuminated
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at the optimal GFP electronic excitation wavelength, the pho-
togenerated electrons in GFP move into the conduction band
of scSWCNT, so decreasing the hole concentration. Some of
the generated electrons are trapped at the SWCNT/protein and
SWCNT/substrate interface. Thus, the light-induced charge
transfer from GFP to the SWCNT channel contributes to the
current decrease. The optical response is close to linear for 445
and 470 nm illumination before saturation (Figure 5c). It indi-
cates a perfect (close to 100%) light to current conversion due to
the low amount of defects in SWCNT after protein attachment.

In optoelectronic devices, photoresponsivity (R) is critical for
high-performance photodetectors and signal storage elements
development in terms of tuning the conductivity via a spe-
cific wavelength. We calculated the maximum responsivity as
R=I,/P, where I, = |Lighe — Igand is the current differences with
and without light illumination and P = Pgp X (Ayctive/ Aspor),*?
where Pjgp is the power of the incident light, A, . is the area
of a device, and Ay, is the spot size of the diode. We choose
A,ctive as the device area, which is defined as the distance between
source and drain electrodes multiplied by an effective area of
nanotube and SiO, trapping area (=30 nm).] We found that
for the sfGFP2%432F SWCNT FET R reaches 0.45 x 10° A W~! for
470 nm with 20 mW cm™2 illumination and up to 7 x 103> A W
at 470 nm and 1 mW cm™. The photoresponse of fabricated
devices at different wavelengths correlates well with the absor-
bance spectrum of sfGFP (Figure 5d). Crucially, it opens up the
possibility to detect low-intensity wavelength-specific illumina-
tion via the attachment of several different FPs with different
Amax to form an array of SWCNT transistors.

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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As can be seen from the absorbance and fluorescence
spectra (Figure S1, Supporting Information), GFP?™A%F does
not undergo electronic excitation at 590 nm, and this is mani-
fested as a low response for the SWCNT FET on illumination at
590 nm (Figure 5¢). GFP2%*A?F excites at both 445 and 470 nm but
interacts with light with different efficiencies, with molar absorb-
ance coefficients (M™! cm™) of 23000 and =43000, respectively,
and different fluorescence emission intensities. This translates
to different responses, with a greater photoresponse observed
on illumination at 470 nm compared to 445 nm (Figure 5c,d).
Control experiments with pristine SWCNT FETs undergoing the
same photochemical attachment procedure but with wild-type
sfGFP as the protein show only a small current rise on illumi-
nation with 470 nm light (Figure S5a, Supporting Information).
Pristine SWCNT FETS not exposed to any protein also resulted
in a slight rise in the conductance on illumination with 470 nm
light (Figure S6, Supporting Information), which we attribute to
a thermoelectric effect in the SWCNT/electrode interface.[*’]

The fastest optical response was observed for 470 nm
(Figure S1la, Supporting Information), with increased irradia-
tion power shortening response times (Figures 5a and S11b,
Supporting Information). Reducing time of irradiation together
with lower light power fits well with the suggested model of
trapping states between nanotube and protein. At lower power,
the probability of charge transfer is lower. They may be trapped
at the interfacial states or return to the chromophore. When
the power increases, the probability of charge transfer via tun-
neling or hopping mechanisms to the nanotube significantly
increases, which leads to rapid and high photoresponse to the
incident light. To increase the speed of the photogenerated
charge carrier separation, one can change the FET channel size
either by decreasing the length or by increasing the number
of nanotubes in a channel by using a nanotube network.[®’]
We have demonstrated that decreasing the channel length of
a single SWCNT by about an order of magnitude results in a
quicker response time of more than two orders of magnitude
(Figure S12, Supporting information). Also, the use of proper
substrate material and operating at lower temperatures could
increase the response time of SWCNT-based devices.[*/

Thus, due to the suggested mechanism of site-specific protein
attachment to the nanotube, we can control both the number of
trapped states and charges at the interfaces using a photoactive
protein, which opens up pathways for further design of single-
molecule bionanohybrids with tuned functionality.

3. Conclusion

In conclusion, we have demonstrated an optoelectronic biohy-
brid SWCNT device developed using a simple photochemical
attachment process via residue-specific covalent attachment of
engineered GFP to sidewalls of individual carbon nanotubes.
The covalent functionalization of SWCNTs results in a weak
decrease in transconductance, yet highly effective optical per-
formance field-effect transistors. By varying the attachment
residue position of GFP, we can change the characteristics of
the fabricated device: a phototransistor with the sensitivity of
about 7 x10° A W' or optoelectronic memory with rapid pho-
toresponse, low power consumption, 15-fold current modula-
tion, and more than 10 minutes volatile state. Light-induced
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direct charge transfer at the sfGFP/SWCNT interface is the
likely driver for the optical response with the different pro-
tein attachment sites dictating device characteristics. Here we
lay the groundwork for GFP-modified SWCNT hybrid sensors
with future potential as optically operated memory, fluorescent
readout, and molecular transistor devices, as well as eco-friendly
interfaces based on photo-activated proteins and electrodes.

4. Experimental Section

Protein Preparation: The engineered GFP variants were produced
recombinantly and purified as described previously.?%3*1 All recombinant
protein expression was performed in the dark and purification was
undertaken in low light conditions.

Fabrication of SWCNT-FET: SWCNT were grown and deposited onto a
cold highly doped (p**) 100 mm Si substrate with 300 nm thermal SiO,
in one process of thermal decomposition of gas-phase ferrocene in the
presence of carbon monoxidel® with an open reactor. More details on
SWCNT-FET development are provided elsewhere.3l To achieve the low
density of nanotubes, the process was limited to 15 s. The nanotubes
are deposited both as an individual nanotube with a diameter of circa
1.5 nm and in bundles. Source and drain 100/15 nm Au/Ti electrodes
were fabricated by a photolithographic lift-off process. Highly doped p™*
Si substrate was used as bottom gate electrode. The distance between
source and drain contacts was 12 um. The substrate was then scribed to
isolate devices with a 2 mm? area. Further, chips were washed in boiled
acetone to delete the photoresist and heated at 250 °C in a high vacuum
to delete the organic residuals. In this work, we studied 10 different FETs
with quasi-metallic (4 FETs) or semiconducting nanotubes (6 FETs). The
optical images of the devices and SWCNT channel are shown in Figure 2a.

Protein Attachment: Protein attachment was performed as outlined
previously.2%3] SWCNT-FET chips were rinsed in ethanol and then left
to soak for one hour. Then the SWCNT-FET chips were rinsed in distilled
H,0O for at least 3045 s, followed by drying with N, gas. During the
protein attachment, there was a constant flow of nitrogen over the
sample. Protein (100 nM in 25l of 50 mM Tris pH 8) sample was cast
onto a microchip and irradiated by a 305 nm LED light for 5 minutes.
The chip was then rinsed under a fast stream of dH,0 for a minute.
Finally, the chip was dried under the nitrogen flow.

Characterization: The optical properties of wild-type GFP,
sfGFP2%*A2Fand sfGFP32A%F dialyzed with distilled water were analyzed
using a Cary60 UV-Vis spectrophotometer (Agilent, USA) and a
Cary Eclipse fluorimeter (Agilent, USA). SWCNT FET samples were
characterized via AFM (Solver Pro (NT-MDT, Russia)) using a silicon
AFM probe (f =140 kHz, k = 3.5 N m™, HA_FD/FC Etalon, ScanSense,
Germany). The electrical properties of SWCNT transistors were
measured by a semiconductor parameter analyzer (IPPP 1/5, MNIPI,
Belarus) and a homemade probe station. Raman spectra were carried
out on micro-Raman spectrometer Centaur HR (Nanoscan Technology,
Russia) with a X100 objective at 532 nm (Cobolt, Sweden) with a
beam spot of =1 um? and laser power of 1 mW. Three LEDs (445, 470,
and 590 nm) mounted on a fixed holder were used to examine the
optoelectronic properties of the phototransistors.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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